INTRODUCTION
Previously it has been shown that a serologically related group of viruses occurs in three closely related species of Penicillium : P. chrysogenum, P. brevi-compactum, and P. cyaneofulvum Buck & Girvan, 1977) . Likewise, there are related viruses in Aspergillus niger and A.Joetidus (Banks et al., 1970; Ratti & Buck, 1972; . The 'slow' component of the P. stoloni]brum virus complex (PsV-S) has been reported in a second genus, namely Diplocarpon rosae . From these serological relationships it is apparent that mycoviruses, like viruses of higher plants and animals, can have a host range. It also suggests that transmission other than by hyphal anastomosis (Lhoas, 1971) may occur in nature, since hyphal fusion between unrelated fungal species is not likely.
The mycovirus complex from A. ochraceous (ATCC 28706) (AoV) was first studied by Kong (1979) . The AoV virions are polyhedral with a diameter of 28 to 31 nm, sediment as a complex of sedimenting components, and have dsRNA segments of about 106 mol. wt. Kong (1979) obtained a cross-reaction between the A. ochraceous virus and antiserum against the P. stoloniJerum virus (ATCC 14586) and suggested that the reaction was with the slow component of the PsV complex (PsV-S).
The objectives of this research were to characterize further the mycovirus complex of A. ochraceous and to compare its properties to the mycovirus from P, stoloniferum in order to establish which components of PsV and AoV are responsible for the serological cross-reaction observed by Kong (1979) .
U.v. absorption spectrum. The u.v. absorption spectrum was determined with a Gilford model 2600 spectrophotometer over the range of 220 to 320 nm.
Caesium chlorMe densiO' gradient centri~ugation. The gradients containing 1.0 A260 of virus preparation were centrifuged for 18 h at 40000 r.p.m, in a Beckman SW55 rotor at 25 °C. The gradients were fractionated into 0.3 ml fractions with an ISCO density gradient fractionator and u.v. analyser. Densities of each fraction were determined with an Abb+ refractometer, using the formula p = 10-4091 no -12-8812, where p is the density and nD is the refractive index (Bozarth & Chow, 1966) . & Kempson-Jones (1973) . The DEA E-cellulose column was eluted with a linear gradient of NaCI in P buffer (0.03 M-sodium phosphate pH 7.6) (400 ml total volume) at a flow rate of 100 ml/h. The eluant was monitored with an ISCO u.v. analyser and all fractions that had an absorption at 254 nm were collected and concentrated by highspeed centrifugation.
Separation o/virus components. Separation of the P. stolom]i~rum virus complex was based on the method of Buck
Electrophoresis olviruses. Electrophoresis of viruses (0.1 A 260) in 2.4~ o polyacrylamide gels was performed using 1 x TAE buffer (0.04 M-Tris, 0-02 M-sodium acetate, 0.001 M-EDTA, pH 8.0) at 7 mA/tube for 10 h . The gels were stained with 0.1 ~ Coomassie Brilliant Blue in 12.5~ TCA and destained with 10~ TCA solution.
Serology. Ouchterlony double-diffusion serological tests were made on glass slides using Gelman equipment (Gelman Instrument Co., Detroit, Mich., U.S.A.) . A. ochraceous virus and P. stoloniJerum viruses were tested against their own antiserum, antisera against A. tbetidus virus (courtesy of K. W. Buck, Imperial College, London, U.K.), A. flat'us virus-like particles (Wood et al., 1973) , P. chrysogenum virus, and preimmune serum. Immunoelectrophoresis was carried out using Gelman High Resolution buffer (Trisbarbital/sodium barbital, pH 8.8) at 3 to 5 mA/frame for 3 to 4 h in a Gelman immunoelectrophoresis apparatus.
Extraction and anaO'sis ~?/dsRNA. Nucleic acids were extracted from purified virus preparations by the singlephase phenol-SDS method (Diener & Schneider, 1968) and also extracted directly from cells by a phenol buffer emulsion. In the direct extraction the RNA was precipitated from the aqueous phase and further purified by chromatography on a CF-I 1 column. The orcinol test for RNA and the diphenylamine test for DNA were made according to Dische (1955) . The sensitivity of viral nucleic acid in 2 x SSC and 0.01 x SSC (1 x SSC = 0.15 Msodium acetate, 0-015 M-sodium citrate, pH 7-4) to pancreatic ribonuclease was determined. Determination of the hyperchromicity o[" the nucleic acid was carried out using a Gilford thermomelting analyser and a Gilford spectrophotometer. The nucleic acid was suspended in 0.01 x SSC. The absorbance at 260 nm was determined as the temperature was raised from 50 to 95 °C at 1 °C per min. Electrophoresis of the nucleic acid was performed in 53/o polyacrylamide gels as described by Ratti & Buck (1972) . Estimates ofmol, wt. of dsRNA segments were made from the mobility relative to dsR N A segments of P. chrysogenum, P. stoloniJerum, and the light segment of Ustilago maydis (Bozarth & Harley, 1976; Bozarth et al., 1981) .
Anah'sis olcapsid polvpeptides. The mol. wt. of capsid polypeptides of AoV and PsV were determined by the method of Buck & Kempson-Jones (1974) on 8~/o polyacrylamide gels. The mol. wt. were calculated as described by Weber et al. (1972) , using standards : bovine serum albumin (66000), ovalbumin (45 000), glyceraldehyde-3-1 phosphate dehydrogenase (36000) and carbonic anhydrase (29000).
Electron microscopy. Carbon-coated Formvar grids were floated on drops of samples, drained, washed three times with water, and then negatively stained with 1 ~/o uranyl acetate . The specimens were examined with a Hitachi HU-I1E transmission electron microscope.
ttybridization analysis. Gel electrophoresis of dsRNA was performed in 5~ polyacrylamide slab gels (14 x 12 cm) with 1 x TBE buffer (0.089 M-Tris, 0.089 M-boric acid, 0.002 M-EDTA, pH 7.5 to 7-8) at 80 V for 9 h (Maniatis et al., 1982) . Electrotransfer of RNA was performed after electrophoresis by placing the gels directly into 50 ml denaturing buffer (9 ml 6 M-deionized glyoxal, 26.6 ml 100~o DMSO, 5.3 ml 0-25 M-Na2HPO4, pH 6.5, 12.1 ml sterile double-distilled water) and incubating at 50 °C for 1 h. The denatured RNA was electrotransferred to BioRad Zeta-Probe TM blotting membranes using a Bio-Rad Trans-Blot system. Electrotransfer of RNA was carried out with TAE buffer at 4 °C with stirring first at 20 V for 0-5 h, then at 50 V for i-5 h, and finally at 50 V for 1.5 h with fresh buffer. After electrotransfer, the membranes were baked in a vacuum oven at 80 °C for 2 h, then stored at 4 °C in a plastic bag until ready for hybridization. Preparation of 3-'P-labelled RNA probes and hybridizations were carried out under highly stringent conditions (55~o formamide) according to a protocol of Jordan & Dodds (1983) .
RESULTS

Sucrose density gradient centriJugation
The preparation from A. ochraceous (AoV) had two adjacent and one partially overlapping bands. The preparation from P. stoloniJerum (PsV) had four overlapping bands; most of the absorbancy was in the fastest sedimenting band.
Equilibrium centriJugation in CsCl
Six bands were shown on absorption profiles of both AoV and PsV preparations. The buoyant densities of each band of AoV and PsV ranged from 1.275 to 1.357 and from 1.285 to 1.390 g/cm 3, respectively.
U.v. absorption spectra
Both AoV and PsV preparations had u.v. spectra which were typical for nucleoprotein preparations. The AoV preparation had a maximum absorbance at 259 nm and a minimum absorbance at 245 nm. The A26o/A28 o ratio was 1.33. The PsV preparation had a maximum absorbance at 261 nm and a minimum absorbance at 245 nm. The A26o/A28o ratio was 1.20.
Electron microscopy
When examined by electron microscopy, all of the bands of AoV were observed to contain only polyhedral particles with a diameter of 30 to 32 nm. The bands from PsV also contained polyhedral particles with a diameter of 32 to 34 nm.
Separation of virus components
The PsV complex contained two components, PsV-S and PsV-F which corresponded to the slow and fast electrophoretic components of Bozarth et al. (1971) . The PsV-S component was eluted from DEAE-cellulose with 0-25 M-NaC1 and was homogeneous in analysis by serology and electrophoresis. The PsV-F component was eIuted with 0-35 M-NaC1, but contained a trace of the PsV-S component. The yield after separation was 40~ of the initially loaded samples. The DEAE-cellulose chromatography did not result in separation of any component of the AoV complex. A broad band was obtained which contained all of the components observed by gel electrophoresis or immunoelectrophoresis. Fig. 1 shows that AoV had three bands and PsV had two bands. The purified preparation of PsV-S had a single band. The gel containing a mixture of AoV and PsV shows that there were no bands with common mobility between AoV and PsV. Similar mobilities of the viruses were also obtained in immunoelectrophoresis. This experiment showed that PsV could be separated into PsV-S and PsV-F by electrophoresis at pH 8-0, but the components of AoV could not be separated under the same conditions, This was similar to the results obtained by DEAEcellulose chromatography.
Electrophoresis of viruses
A AP P Ps Fig. 1 . Electrophoresis of intact mycovirus in 2.4~ polyacrylamide gels using 1 × TAE buffer at 7 mA/tube for 10 h. Gels were stained with 0.1 ~ Coomassie Brilliant Blue solution. A, A. ochraceous mycovirus complex; P, P. stohmi[i~rum mycovirus complex; AP, a mixture of A and P; Ps, the purified slow component of the P. stolon(/brum virus complex.
Serology
The dilution endpoints of antisera against AoV and PsV preparations were 1:1024 in microprecipitation tests and 1 : 64 and 1 : 32 in the agarose double-diffusion tests, respectively. Fig. 2 (a) shows that AoV (A) reacted with a rabbit antiserum (S1) prepared against it with a strong line and also produced a weak reaction line against antiserum ($2) prepared against the PsV complex. Antisera to two unrelated mycoviruses (Pc, Afo), one virus-like particle (Afl), and normal serum did not produce reaction lines against AoV. This suggests that one component of the PsV complex is related to a component of the AoV complex. In Fig. 2(b ) the same antisera were tested against a purified preparation of the PsV complex. The PsV reacted with one weak and one strong reaction line against its homologous antiserum ($2). The strong and weak reaction lines were lines previously shown to be with the PsV-F and Ps¥-S, respectively . The weak reaction line also extended and coalesced with a line between the AoV antiserum and the PsV-S component. The controls (Pc, Afl, Afo, N) were negative as in Fig. 2(a) . In Fig. 2 (e) antiserum (S1) prepared against the AoV complex made strong reaction lines with its homologous antigen (A). This antiserum also reacted weakly with the PsV complex (P) and PsV-S component (Ps), but not with PsV-F component (Pf), suggesting that the PsV-S component is responsible for the cross-reaction. Fig. 2(d) shows that antiserum ($2) prepared against the PsV complex made two reaction lines against its homologous antigen (P) and one reaction line each against the PsV-S (Ps) and PsV-F (Pf) component. These lines crossed, indicating that the PsV-S and PsV-F component are serologically unrelated (Bozarth et al., A. ochraceous and P. stoloniferum mycovirus 1995 Fig. 2 . Ouchterlony double-diffusion serological reactions. In (a) and (b) antigens are in the centre wells and antisera are in the outer wells. In (c) to ([') antisera are in the centre wells and antigens are in the outer wells. The above results were confirmed by the following modified intragel specific absorption tests. In Fig. 2 (e) when AoV antiserum (S1) reacted with the AoV, which was previously incubated with an antiserum against the PsV complex (A 1), only the strong reaction line was observed. PsV which was incubated with antiserum against the AoV complex (P1) or PsV which was incubated with an antiserum prepared by Kong (1979) Immunoelectrophoresis of AoV and PsV complexes confirmed the cross-reactions observed in the Ouchterlony double-diffusion tests, but the mobilities of the cross-reacting antigens were different. Following electrophoresis AoV produced three reaction lines against its homologous antiserum and one reaction line against PsV antiserum (Fig. 3 a) . PsV produced two reaction lines against its homologous antiserum, as previously observed, and the slow component reacted with AoV antiserum (Fig. 3b) . It is important to notice that the AoV component which reacted with the PsV antiserum migrated fast under these conditions, whereas the PsV component which cross-reacted with the AoV antiserum moved slowly.
Nucleic acid analysis
The negative diphenylamine and positive orcinol tests indicated that the nucleic acid of AoV is RNA. The viral R N A of AoV was shown to be d s R N A by CF-11 chromatography, a characteristic melting curve, and treatment with ribonuclease. R N A extracted directly from mycelium was eluted with TSE buffer in CF-I1 chromatography. This R N A had the same electrophoretic pattern in 5~ polyacrylamide gel as that from purified AoV. The rapid melting is characteristic of double-stranded nucleic acids. There were at least two, possibly five, thermal transition midpoints between 76 and 88 °C (Fig. 4) . This suggests that dsRNA of AoV is heterogeneous and that some regions are richer in (G + C) content than others. When viral RNA of AoV was treated with pancreatic ribonuclease in 2 x SSC buffer at room temperature, there was no detectable hyperchromic effect, even after incubation for 2 h, but if the ribonuclease treatment was carried out in 0-01 x SSC buffer there was a rapid hyperchromic effect, a 40~ increase in absorbancy being recorded in 5 min (Table 1) . Stability to ribonuclease at high ionic strength buffer and susceptibility at low ionic strength buffer are characteristic of dsRNA. There were nine RNA segments of AoV and six RNA segments of PsV in 5 ~o PAGE (Fig. 6) . The mol. wt. of each dsRNA segment was determined by the plot of log mol. wt, versus relative electrophoretic mobility (Table 2 ). In PsV there was one additional band with a mol. wt. of 0.51 x 100 in addition to five typical bands (Bozarth & Harley, 1976) . This segment was associated with the PsV-F component. AoV had four segments more than was previously reported by Kong (1979) . This difference probably results from the greater resolving power of 5~ gels as opposed to 2.4~ gels used by Kong. RNA segments exhibited a constant ratio in all experiments. Therefore, the RNA segments did not arise by random fragmentation. The mol. wt. of three RN A segments (1.10, 0.96 and 0.91, all x 106) of AoV were very similar to segments extracted from PsV.
Capsid polypeptide analysis
Purified AoV and PsV were digested and subjected to electrophoresis in 8~o polyacrylamide gels (Fig. 5) . Three polypeptides were found in the AoV complex: two major polypeptides with mol. wt. of 60000 and 41000 and one minor polypeptide with a mol. wt. of 51000. PsV-S had a major and minor polypeptide with mol. wt. of 51000 and 42000, respectively. One capsid polypeptide with a mol. wt. of 51000 was common in both the AoV complex and the PsV-S component. The same results were obtained when virus preparations were digested with SDS plus 2-mercaptoethanol or urea. 
Hybridization analysis
When electrophoresed on polyacrylamide gels, AoV and PsV RNAs were resolved as shown in Fig. 6(a) . Even after the denatured RNAs were transferred to a membrane, some R N A still remained in the gel (Fig. 6b) . The degree of hybridization observed depends on the amount of RNA transferred to the membrane, the activity of radiolabelled probes, and the volume of the hybridization buffer. Fig. 6 (c, d, e) shows the results of the hybridization reaction between AoV and PsV RNAs. Hybridization of radiolabelled R N A was consistently high in the homologous reaction [ Fig. 6 (c) lane A, (d) lane P and (e) lane Ps]. The hybridization reaction between PsV and AoV probe resulted in one weak and three very weak bands (Fig. 6c , lanes P and Ps). The one weak band had a mol. wt. of 1.10 x 106, and the three very weak bands were the R N A segments with tool. wt. of 0.94 x 106, 0.89 x 106 and 0.46 x 106. These results show that the RNAs from both PsV-S and PsV-F components have sequences in common with RNAs from the AoV complex. The hybridization reaction between AoV and PsV probe resulted in one weak and one very weak band (Fig. 6d, lane A) . It is not clear which R N A segment the weak band represents. From the mobility in the gel, the weak band may represent the R N A segment with a tool. wt. of 1.I0 x 106. The very weak band could be one of the middle weight R N A segments (mol. wt. 0.76 x 106, 0.74 x 106 or 0.72 x 106). The PsV-S probe hybridized with the d s R N A segments of the AoV complex (Fig. 6e, lane A) . The strong reacting segment corresponded to the 1.10 x 106 mol. wt. segment of PsV but it was not dear which of the lower molecular weight segments reacted weakly. The PsV-S probe did not react with the major dsRNA segment of PsV-F (0.99 x 106 and 0.89 x l0 b) but did react strongly with the 0-46 x 106 and weakly with the 0.51 x 106 mol. wt. segments of PsV-F (Fig. 6e , lanes P and Pf). From the above results, both AoV and PsV showed a stronger cross-hybrialzation reaction of the R N A segment with a mol. wt. of 1.10 × 10 ~ than any other R N A segments.
DISCUSSION
The AoV preparation contains three serologically distinct capsids, one of which is serologically related to PsV. AoV produced two reaction lines in Ouchterlony double-diffusion tests, three reaction lines in immunoelectrophoresis against its homologous antiserum, and showed three bands in intact virus electrophoresis in polyacrylamide gel.
One component of the AoV complex is serologically related to PsV-S. A spur produced between the reaction lines of AoV and PsV-S when tested against PsV antiserum in Ouchterlony double-diffusion tests indicates a partial serological relationship. In immunoelectrophoresis, the antigen of the AoV complex which reacted with a PsV antiserum moved fast. PsV-S made a reaction line against an AoV antiserum and moved slowly as expected. Thus, the PsV-S-like component of the AoV complex, although serologically related to PsV-S, is more negatively charged. A change of an amino acid, or a change in a ratio of negatively to positively charged amino acids could produce the observed change in mobility. This could be tested by amino acid sequence analysis of capsid protein polypeptides.
The properties of the PsV complex in relation to the previous report were as follows. In this study the PsV complex was found to have a larger quantity of the fast sedimenting band in a sucrose density gradient, and a greater proportion of the higher buoyant density bands in CsC1 equilibrium gradients. This indicates that more capsids contained RNA (complete virions) and that fewer empty capsids occurred. RNA analysis shows that the PsV culture used in this laboratory now has one more RNA segment with a tool. wt. of 0-51 × 106 in addition to the five bands previously reported. This band is found in the PsV-F component. Chater & Morgan (1974) reported that PsV-F has a fourth RNA segment but they did not give the tool. wt. of this additional segment.
The mol. wt. of the PsV capsid polypeptides determined in this research were similar to those previously reported by Buck & Kempson-Jones (1974) , but the ratio of the polypeptides was reversed. Buck & Kempson-Jones (1974) reported that the PsV-S component contains one major and one minor polypeptide with tool. wt. of 42000 and 55000, while the PsV-F component contains one major and one minor polypeptide with tool. wt. of 47000 and 59000, respectively. The ratios of the major and minor polypeptides of PsV-S and PsV-F components were estimated to be about 100:1 and 40: 1, respectively. In this experiment the PsV-S and PsV-F components consisted mostly of the higher tool. wt. polypeptide, i.e. a reverse ratio of the major and the minor polypeptides. It is possible that the smaller polypeptides of Buck & Kempson-Jones might have been derived from the larger polypeptides by proteolytic degradation during the purification of mycoviruses, as in the cases of the slow component of A. foetidus virus (AfV-S) (Buck & Ratti, 1975) and cowpea mosaic virus (CPMV) (Geelen et al., 1973) . AfV-S contained one major and one minor capsid polypeptide with mol. wt. of 83000 and 78000, respectively. The proportion of the smaller 78 000 tool. wt. polypeptide frequently increased with the age of the virus preparations. CPMV had fast and slow moving electrophoretic forms. They were equally infectious. During storage of CPMV, a conversion of slow into fast form was found ; this partial conversion probably results from proteolytic enzymes.
Hybridization analysis provides an alternative method for testing relationships among viruses. In contrast to serology, which tests relationships between proteins that are coded by only a portion of the genome, hybridization analysis tests for similar sequences anywhere on the genome. Hybridization is usually carried out under conditions of low stringency, i.e. low temperature and a low percentage of formamide, where hybrids with 33~ base mismatch will be stable and can be detected (Howley et al., 1979) . In this experiment, highly stringent conditions were chosen and cross-hybridization reactions between AoV and PsV were observed. The RNA segment with a mol. wt. of 1.10 x 106 showed a rather strong cross-hybridization and may be postulated to code for the capsid protein with a tool. wt. of 51000 which is common to AoV and PsV. If so, this protein may be responsible for the serological relationship between AoV and PsV. The strong hybridization between PsV-S dsRNA and the small mol. wt. segment (0.46 × 106) of PsV-F was unexpected since these viruses have previously been considered to be unrelated. An interesting hypothesis is that these segments are fragments of one or both of the PsV-S genomic segments which are encapsidated by PsV-F but not PsV-S protein. Such genomic masking is previously unknown in fungal virus and will be studied in the future. Actually, the use of a mixed RNA probe which contained all RNA segments places limitations on the interpretation of the results. It is not possible to determine which segment is homologous Grateful acknowledgement is given to Dr W. H. Flurkey for providing helpful discussion and assistance in some research procedures.
